Background and Aims: We have recently shown that the mode of action of IgG1 anti-tumour necrosis factor [TNF] antibodies in inflammatory bowel disease [IBD] requires Fcγ-receptor [FcγR] engagement on macrophages. Here we examine the effect of Fcγ-receptor signalling by anti-TNF on macrophage IL-12/IL-23 secretion. Methods: Cytokine production by human inflammatory macrophages was assessed at the level of RNA and protein. TNF-anti-TNF immune complex formation was determined by size-exclusion chromatography and signalling visualized by immunofluorescence. IL-12/IL-23p40 was measured in CD14+ lamina propria cells from IBD patients. Results: Infliximab and adalimumab potently suppressed IL-12/IL-23 production by inflammatory macrophages, but Fab' fragment certolizumab did not. IL-12/IL-23 suppression depended on Syk activity and was mediated at the level of IL-12/IL-23p40 mRNA. Etanercept, a soluble TNF receptor fused to an Fc-region, did not inhibit IL-12/L-23 secretion, suggesting that the presence of an Fc-region was not sufficient. Infliximab and adalimumab formed immune complexes with soluble TNF whereas etanercept did not, suggesting that FcγR-mediated suppression of IL-12/IL-23 required the formation of immune complexes. Indeed, non-specific IgG1 immune complexes, but not uncomplexed IgG1, similarly suppressed IL-12/IL-23 secretion. Finally, infliximab significantly decreased IL-12/IL-23p40 production in myeloid cells isolated from the lamina propria of IBD patients. Conclusions: TNF-anti-TNF antibody immune complexes potently inhibit IL-12/IL-23 expression by inflammatory macrophages. Our data suggest that anti-TNFs and antibodies against IL-12/IL-23 may therefore have partially overlapping modes of action in patients with IBD.
Introduction
In contrast to rheumatoid arthritis, the mode of action of antitumour necrosis factors [TNFs] in inflammatory bowel disease [IBD] is not exclusively related to therapeutic blockade of TNF. 1 We have previously demonstrated that the therapeutic efficacy of anti-TNF was completely dependent on Fc-Fcγ receptor [FcγR] interaction in a preclinical model of colitis. Additionally, we have shown that IgG1 anti-TNFs polarise macrophages to a regulatory and wound healing phenotype in an Fc-dependent manner in humans and mice. [2] [3] [4] [5] Intriguingly, it has previously been shown that activation of FcγR by immune complexes can potently inhibit IL-12 secretion by macrophages. [6] [7] [8] IL-12 is a dimeric cytokine which shares its p40 subunit with IL-23. Whether immune complexes also inhibit IL-23 is not known, as the IL-23-specific p19 subunit had not yet been identified at the time these experiments were performed.
IL-12 and IL-23 are mainly produced by macrophages and dendritic cells and play a key role in the pathogenesis of IBD. In the inflamed intestine of patients with Crohn's disease, monocytes polarise towards an inflammatory macrophage phenotype and produce pro-inflammatory cytokines including TNF and IL-23. 9 The blockade of IL-12p40 with ustekinumab, which neutralises both IL-12 and IL-23, is currently approved as a treatment for patients with Crohn's disease and, more recently, the selective IL-23p19 inhibitors risankizumab and brazikumab showed promising results in clinical trials in patients with Crohn's disease. [10] [11] [12] [13] Studies in ulcerative colitis are ongoing.
The advent of this novel class of antibodies poses the question whether patients with Crohn's disease responding to anti-TNFs and IL-12/IL-23 blockade represent distinct or overlapping groups. TNF, IL-12, and IL-23 promote inflammation via distinct pathways, suggesting that therapies blocking these cytokines may establish mucosal healing via different routes and therefore work in different patient subgroups. However, given the fact that we have previously found that FcγR signalling is involved in the therapeutic effect of anti-TNFs and the ability of FcγR signalling to suppress IL-12 secretion, we aimed to examine how different anti-TNF blocking strategies affected macrophage IL-12/IL-23 secretion.
Methods

Anti-TNF compounds
Therapeutic anti-TNF compounds used in this study are adalimumab [ 
Preparation of LPMCs
Intestinal mucosa was obtained from surgically resected specimens from patients with IBD, diagnosed on the basis of endoscopic and histological findings according to established criteria. All experiments were performed with mucosa from macroscopically inflamed specimens. All experiments were approved by the Medical Ethical Committee of the Academic Medical Center, Amsterdam. Written informed consent was obtained from all patients. Lamina propria mononuclear cells [LPMC] were isolated from intestinal specimens as follows. Briefly, dissected mucosa was incubated in calcium and magnesium-free HBSS containing 5 mM EDTA [Sigma-Aldrich] for 20 min at 37°C to remove epithelial cells. Tissues were then cut very fine and incubated in RPMI medium containing 10% FCS, 1 mg/ml collagenase D [Roche], 1 mg/ml soybean trypsin inhibitor [Sigma] , and 50 µg/ml Dnase I [Roche] for 60 min at 37°C. The fraction was pelleted and resuspended in a 30% Percoll solution, then layered on 60% Percoll before centrifugation at 500g for 10 min at room temperature. Viable LPMC were recovered from the 30-60% layer interface. LPMC were then stimulated overnight with heat-killed E. coli and E. faecalis, both 1 × 108 cells/ ml, in the presence of IgG1 or anti-TNF 10 µg/ml. The study protocols were approved by the medical ethical committees of the Academic Medical Center, Amsterdam, The Netherlands and of the University Hospital, Leuven, The Netherlands; all participants provided written informed consent.
Statistical analysis
For statistical analysis, unpaired t-test or analysis of variance [ANOVA] was used, followed by Bonferroni post-test. Normalised data were analysed with Wilcoxon signed rank test or Kuskal-Wallis, followed by Dunn's post hoc analysis. Results were considered significant when p-value < 0.05.
Results
Infliximab inhibits IL-12p40 and IL-23 production by inflammatory macrophages
Given the pro-inflammatory state of macrophages in the intestine of Crohn's disease patients, 9 we investigated the effects of infliximab on a priori polarised inflammatory macrophages in vitro. Inflammatory macrophages were generated by culturing human monocytes with IFNγ. For clarity, we will hereafter refer to IFNγ-induced macrophages as M1 macrophages. M1 macrophages were washed and reseeded with LPS in the presence of infliximab or IgG1 isotype control. To explore the effect of infliximab on the pro-inflammatory cytokine profile of M1 macrophages, we measured IL-12p40, IL-6, IL-8, and IL-1β production. Whereas IL-6, IL-8, and IL-1β were comparable between infliximab and IgG1-treated M1 macrophages, IL-12p40 was specifically inhibited by infliximab [ Figure 1A ]. Further analyses revealed that the decrease in IL-12p40 was dosedependent [ Figure 1B ]. As IL-23 is composed of subunits IL-12p40 and IL-23-p19, we next measured IL-23 secretion and we found that IL-23 was also dose-dependently decreased by infliximab. [ Figure 1C ]
Analysis by qPCR showed that infliximab inhibited the expression of IL-12B mRNA, the gene encoding subunit IL-12p40. The expression of IL-12A and IL-23A, encoding subunits IL-12p35 and IL-23p19, respectively, was not affected by infliximab, nor was the induction of TNFα itself [ Figure 1D ]. Overall, these data suggest that the suppression of the IL-23 protein is mediated by inhibition of IL-12B transcription and not by IL-23p19.
Inhibition of IL12/IL-23 is Fc-dependent
To investigate if the inhibition of IL-12p40 and IL-23 was Fc-dependent, we compared infliximab with certolizumab, a TNFneutralising Fab' fragment. Both anti-TNF compounds blocked TNF to undetectable levels [ Supplementary Figure 1 , available as Supplementary data at ECCO-JCC online]. Hereby, we could distinguish between Fc-dependent mechanisms and effects that should be attributed to TNF neutralisation. Again, infliximab treatment decreased IL-12p40 and IL-23. However, the production of these cytokines remained high in certolizumab-treated M1 macrophages, indicating that the inhibition of IL-12p40 and IL-23 is mediated via the Fc-region of infliximab rather than neutralisation of TNF [ Figure Interestingly, others have shown that FcγR binding on macrophages by IgG immune complexes not only inhibits IL-12 production, but also increases IL-10 production. [6] [7] [8] We found that infliximab enhanced the production of IL-10 compared with certolizumab, confirming an Fc-dependent increase in IL-10 production [ Figure 2B ]. However, TNF neutralisation with certolizumab reduced IL-10 production compared with cultures treated with LPS alone. Thus, IL-10 production is regulated by both TNF blockade and Fc-engagement in opposite ways, and the outcome may differ depending on the relative strengths of these signals. This might explain why we observed some variability in the effects of infliximab on IL-10 production when analysing multiple donors [ Figure 2B ]. Overall, IL-10 production was always higher in infliximab-treated cultures compared with certolizumab. Analysis by qPCR showed that infliximab inhibited the expression of IL-12B mRNA, whereas certolizumab did not. In line with Figure 1 , expression of IL-12A and IL-23A was not inhibited by infliximab or certolizumab [ Figure 2C ].
We recently showed that activating FcγR are indispensable for the therapeutic efficacy of anti-TNF in experimental colitis. 2 Activated FcγR have been shown to signal via spleen tyrosine kinase [Syk] , and ligation of FcγR results in the phosphorylation of Syk. 15 To study this further in a human setting, we measured phosphorylated Syk in human M1 macrophages. Indeed, only in infliximab-treated M1 macrophages was the presence of phosphorylated Syk detected [ Figure 2D ]. Furthermore, inhibition of Syk completely reversed the infliximab-mediated decrease in IL-12p40, as well as the increase in IL-10 production [ Figure 2E ].
TNF-anti-TNF complex formation crucial for IL-23 inhibition
Our previous data indicate an important role for FcγR engagement in the mode of action of IgG1 anti-TNFs in IBD; however, etanercept also contains an Fc-region but failed to show clinical efficacy in Crohn's disease. 16 Interestingly, when M1 macrophages were cultured with etanercept, the production of IL-12p40 and IL-23 was not inhibited [ Figure 3A] . Also, IL-10 production was decreased to levels comparable to certolizumab-treated macrophages. This suggests that the mere presence of an IgG1 Fc-region is not sufficient to increase the IL-10 to IL-12/IL-23 ratio. We hypothesised that anti-TNF antibodies like infliximab and adalimumab differ from etanercept in their ability to cross-link FcγR. Antibodies like infliximab and adalimumab have two Fab' arms that can simultaneously bind two TNF molecules. Importantly, biologically active TNF is a homotrimer and it has been shown that TNF can be bound by three infliximab molecules at once. These features will enable the formation of TNF-anti-TNF immune complexes that can cross-link FcγR. In contrast, etanercept contains only one TNF-binding domain and has been shown to bind soluble TNF in a 1:1 ratio. 17 Importantly, crosslinking of FcγR by immune complexes affects downstream FcγR effector functions to a much greater extent than Fc engagement by monomeric antibodies.
To confirm these differences in TNF-anti-TNF immune complex formation for multiple anti-TNF compounds, we performed sizeexclusion chromatography [ Figure 3B ]. Infliximab, adalimumab, and golimumab formed a complex that roughly corresponds in size to a complex where three antibodies are bound to one soluble TNF molecule. Etanercept formed a complex with soluble TNF almost equal in size to unbound etanercept, indicating that one etanercept molecule was bound to one TNF molecule [ Figure 3B ]. In line with these data, we have previously shown that in the presence of soluble TNF, FcγR binding capacity becomes much higher for adalimumab than for etanercept. 2 Thus, although etanercept has an Fc-region, it does not bind FcγR as potently as do monoclonal antibodies infliximab or adalimumab in the presence of soluble TNF, and this is reflected by the inability of etanercept to increase the IL-10 to IL-12/IL-23 ratio. Finally, to further investigate the need for immune complex formation to achieve IL-12/IL-23 inhibition, we compared non-specific monomeric IgG1 with complexed IgG1. Indeed, complexed IgG1 increased IL-10 and inhibited both IL-12p40 and IL-23 compared with monomeric IgG1, confirming their functional difference [ Figure 3C ]. Furthermore, when complexed IgG1 was added to certolizumab treatment [to add TNF blockade to the FcR cross-linking by the complexed IgG], the production of IL-10, IL-12p40, and IL-23 became equal to that of infliximab-treated M1 macrophages. [ Figure 3D ] Thus, the increase in IL-10 versus IL-12/IL23 ratio mediated by infliximab can 
IgG1 anti-TNF inhibits IL-12/IL-23 in mucosal CD14+ cells from IBD patients
In an inflamed intestine, mucosal macrophages are constantly exposed to a wide range of microbial products. To explore if our findings could be reproduced using an equivalent stimulation, we cultured M1 macrophages with heat-killed bacteria. Indeed, when M1 macrophages were cultured with a combination of heat-killed E. coli and heat-killed E. faecalis, we found that infliximab inhibits IL-12p40 in an Fc-dependent manner in this setting also [ Figure 4A ]. Additionally, this was also the case when M1 macrophages were cultured with either heat-killed E. coli or heat-killed E. faecalis Next, we isolated lamina propria mononuclear cells [LMPC] from IBD patients. Cells were stimulated overnight with a combination of heat-killed E. coli and E. faecalis in the presence of infliximab, certolizumab, or an IgG1 isotype control antibody. Analyses by flow cytometry revealed that infliximab inhibited IL-12p40 protein production in the CD14+ lamina propria myeloid population to levels comparable to unstimulated cultures [ Figure 4B ]. Furthermore, IL-12p40 was significantly decreased in infliximab-treated CD14+ lamina propria cells compared with certolizumab or IgG1-treated LPMC [ Figure 4C ].
Finally, mucosal mRNA expression of the gene encoding IL-12/ IL-23p40 [IL-12B] was analysed in a cohort of patients with Crohn's disease treated with infliximab or adalimumab. We included seven endoscopic responders and eight endoscopic non-responders [patient characteristics shown in Supplementary Table 1 ]. The expression of IL-12B decreased significantly in responders upon anti-TNF treatment, but remained stable in non-responders [ Figure 4D ].
Discussion
The mode of action of anti-TNFs in IBD is still a matter of investigation. 1 Here we find that the trimeric cytokine TNF forms immune complexes with IgG1 anti-TNF monoclonal antibodies that potently inhibit IL-12/IL-23 secretion at the level of IL12B mRNA in an Fc-dependent manner.
Only a few years after the introduction of infliximab, it became clear that the mode of action of anti-TNFs in IBD was less certain than anticipated, when etanercept completely failed to achieve either clinical response or remission in patients with Crohn's disease, with patients on etanercept doing numerically worse than on placebo. 16 Also, treatment with etanercept has been associated with paradoxical development of IBD in patients with rheumatic diseases. 1, 18 Certolizumab is significantly better than placebo for maintenance treatment but did not reach the primary endpoint for induction of clinical remission in three independent trials. [19] [20] [21] [22] In addition, there are no placebo-controlled data that support induction of mucosal healing by certolizumab. One uncontrolled endoscopic study showed that only 4% of patients with Crohn's disease achieved mucosal healing after 10 weeks of certolizumab treatment. 23 By comparison, complete mucosal healing was observed in 31% of patients on infliximab and 28% of patients on adalimumab in the same time frame. 24, 25 We have previously shown that one of the potential mechanisms of action that differentiates the IgG1 antibodies infliximab and adalimumab from other anti-TNF blocking strategies is dependent on the antibody Fc region. We found that IgG1 antibodies, but not certolizumab or etanercept, generate CD206-positive macrophages with regulatory and wound healing properties, in a mixed lymphocyte reaction in vitro. 5 We found that responders but not non-responders to infliximab show accumulation of such CD206+ macrophages in the lamina propria in vivo. 4 In a preclinical model, we used two anti-TNF antibodies with the same variable region that differed in their ability to bind FcγR. In a head-to-head comparison we found that both antibodies were equally effective in the collageninduced model of arthritis, but that FcγR interaction was required for mucosal healing in the CD45RB high transfer model of colitis. 3 More recently we demonstrated that mice lacking activating FcγR failed to generate CD206+ regulatory macrophages, and were completely unresponsive to anti-TNF therapy in the same model of colitis. Conversely, a hypo-fucosylated anti-TNF with increased affinity for FcγR showed increased CD206+ macrophage formation as well as improved therapeutic efficacy. 2 In all our previous work, the anti-TNF induced CD206+ macrophages were likely formed from monocyte precursors.
Here, we studied the effects of Fc-engagement on pro-inflammatory human macrophages with an M1-like phenotype. We found that in addition to generating CD206+ macrophages, anti-TNF monoclonal antibodies specifically inhibit IL-12/IL-23 production by M1-like macrophages. The inhibition of IL-12/IL-23 was mediated via Syk and was only achieved with anti-TNF compounds that had an Fc-region and were capable of forming immune complexes. TNF is a homotrimeric molecule containing three binding sites for anti-TNF antibodies. For antibodies like infliximab and adalimumab, this promotes the formation of TNF-anti-TNF complexes. Complexed antibodies affect FcγR effector functions to a much greater extent than do monomeric antibodies, by virtue of their ability to crosslink multiple FcγR. Although we have confirmed the primary finding of inhibition of IL-12/IL-23 in primary intestinal macrophages, it would be interesting to further evaluate the effects of immune complexes in this particular cell type as well.
In vivo, we observed a decrease in IL-12B expression in patients responding to anti-TNF therapy, but not in non-responders. It should be noted that our cohort was a clinical follow-up cohort without hard criteria for response. However, a subanalysis of the ACT-1 trial, a prospective study using well-defined endoscopic criteria, showed similar results with decreased expression of IL12B in responders after 8 weeks of therapy. 26 As other current targets in IBD do not have a homomultimeric structure, it seems unlikely that other monoclonal antibodies used in IBD share a similar mode of action. However, the inhibition of IL12/ IL23 by TNF-anti-TNF immune complexes does pose questions around the differentiation of therapies blocking IL-12/IL-23 directly from anti-TNF monoclonal antibodies. Our data suggest that that the mode of action of anti-TNFs in IBD may be partially overlapping with ustekinumab [anti-IL12/IL23] and IL-23-specific therapies such as risankizumab. No controlled endoscopic data are currently available for ustekinumab. In a recent phase 2 study with risankuzimab, which involved mainly anti-TNF exposed patients, the delta between placebo and the top dose was only 5% in terms of mucosal healing. 10 Thus, although we need to await further data, the available endoscopic data support the idea that this therapeutic class may not be as differentiated from anti-TNFs as previously hoped.
Collectively, our results point out a previously unrecognised effector function of anti-TNF therapy that involves inhibition of the IL-12/IL-23 axis. These findings could contribute to our understanding about the failure of multiple biologics in therapy-refractory patients, and also suggest a new immunosuppressive mechanism for therapeutic antibodies capable of immune complex formation.
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